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A fuel cell is a device for direct conversion of 
chemical energy into electrical energy. Oxidant is 
fed to the cathode and reducing agent (fuel) to the 
anode. The electrolyte, through which the ion 
current flows, also prevents the mixing of oxidant 
and fuel. This concept is more than 150 years old. 
The principle of fuel cell operation was reported in 
1839 by Sir William Grove [1]. His fuel cell used 
dilute acid as an electrolyte, and oxygen and 
hydrogen as oxidant and reducing agent, respect- 
ively. 

High temperature solid oxide fuel cells (SOFC) 
work at temperatures up to 1000 °C. The solid 
electrolyte in SOFC cells is usually yttria-stabilized 
cubic zirconia (YSZ). The oxygen accepts electrons 
at the cathode and moves as an ion through the 
dense Zr0 2 ceramic. At the anode ions combine 
with fuel and release electrons. The fuel is usually 
either hydrogen, an H 2 /CO mixture or hydrocarbon 
because the high temperature of operation makes 
possible the internal (in situ) reforming of hydrocar- 
bons with water vapour [2]. 

The electrode reactions (for hydrogen as fuel) are: 

0 2 + 4e~ -> 20 : " (cathode) 

2H 2 4- 20 : " 2H : 0 + 4e" (anode) 

The "force" driving the oxygen ions through the 
electrolyte is the concentration gradient of oxygen 
between the cathode and the anode side. 

The advantage of SOFC is the high efficiency of 
50-60% while some estimations are even up to a 
yield of 70-80% [3-6]. Also, nitrous oxides are not 
produced and the amount of CO : released per 
kilowatt is around 50% less than for power sources 
based on combustion. Annually, around 10 9 . US$ is 
invested into research and development of fuel cells 
[7,8]. 

Because of the high operating temperatures of 
SOFC the choice of materials is mainly limited to 
• ceramics. As already mentioned, the solid electro- 
lyte, which must have as high an ionic and as low an 
electronic conductivity as possible, is usually ZrO : 
stabilized with Y z O : .. The interconnect, which must 
withstand both oxidizing and reducing atmospheres, 
is based on doped LaCrO;,. It must have high 
electronic and low ionic conductivity. 

The electrode* tcaihuuc and anode) niuM lx- 
porous to permit the diffusion of oxygen end fuel to 
the zirconia electrolyte, and must have high elec- 
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at fuel cell operating temperatures, Ni grains are 
incorporated in the zirconia matrix. Due to the high 
operating temperatures and oxidizing atmosphere 
on the cathode side, only noble metals, such as 
platinum, or oxides with low resistivity can be used 
for electrodes. Noble metals are less suitable, partly 
because of problems with long-term stability, but 
mostly because of 'tHeir high "cost. At present 
semiconducting oxides such as perovskites based on 
LaMn0 3 or LaCo0 3 , doped with SrO and CaO, are 
most often used as cathode materials. For an 
excellent and comprehensive review of materials for 
SOFC, see [9]. 

The open circuit voltage of an SOFC is expressed 
by the Nernst equation: 

C/ 0 = /?r/4Fln(?O 2oxy /P0 

2red/ 

where U 0 is the open circuit voltage (Nernst poten- 
tial), R is the gas constant, T is (absolute) tempera- 
ture, F is the Faraday constant, P0 2oxy is the partial 
oxygen pressure in the oxidant and P0 2rcd is the 
partial oxygen pressure in the reducing agent. For 
the typical "working'* conditions of the SOFC, i.e. a 
temperature of 1000 °C. air as an oxidant and a 
partial oxygen pressure in the wet hydrogen of 
10~ 17 atm (1 atm = 1.013 x 10 5 Pa; water vapour in 
the fuel at the anode side is the consequence of 
reactions with oxygen ions), the open circuit. voltage 
is around 1 V. However, the operating voltage is 
lower, as seen from the following equation, and is 
typically around or less than 0.7 V: 

E/ « tf 0 - - !J A - Ifc • 

where U is voltage. U Q is the open circuit voltage 
(Nernst potential), IR is ohmic losses, rj A is polariza- 
tion losses at the anode and n c is polarization losses 
at the cathode. This is shown schematically in Fig. 1. 
The drawing is not to scale and the voltage and the 
current are given in arbitrary values. However, the 
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open circuit voltage is around IV and typical 
current densities are between 0.25 and 0.7 A cm" 2 
The [R part. i.e. ohmic losses of the SOFC, is mostly 
due to the resistance of the solid electrolyte in the 
case of the planar type design, while "in the case of 
tubular SOFC elements the resistance of the elec- 
trodes is also significant [10]. r] A and r] c are 
polarization losses related to irreversibilities in the 
electrode processes. 

The electrode polarization losses are reduced if 
the electrode material possesses both high ionic and 
high electronic conductivity. This is illustrated sche- 
matically in Fig. 2 for the cathode. If the material is 
an electronic conductor only, the electrochemical 
reactions can occur solely at the three phase bound- 
ary (TPB) of the cathode, air (gas phase) and 
electrolyte (Fig. 2a). The thickness of the TPB is 
estimated to be around or under 1 ( um [11]. If the 
cathode material possesses mixed type conductivity, 
the reduction of oxygen can occur on the entire 
surface of the electrode (Fig. 2b). Therefore, many 
alternative cathode materials with mixed conductiv- 
ity are being investigated for possible use in SOFCs. 
Two such interesting materials are doped LaFe0 3 
and LaA10 3 . Doped LaFe0 3 possesses high-mixed 
conductivity [12] and is therefore a good candidate 
for the SOFC cathode. Undoped LaA10 3 is a 
dielectric, while doped LaA10 3 becomes a mixed 
conductor [13]. 

As part of a study of undoped and SrO doped 
La(Mn, A1)0 3 and La(Fe, A1)0 3 as possible SOFC 
cathodes, subsolidus phase equilibria in the Lau- 
nch part of the La 2 0 3 -Al 2 0 3 -Mn 2 0 3 and La 2 0 3 - 
Al 2 0 3 -Fe 2 0 3 systems were investigated. ' In this 
letter the preliminary data on solid solubility be- 
tween LaMn0 3 -LaA10 3 and LaFe0 3 -LaA10 3 , ob- 
tained by energy-dispersive spectroscopy (EDS) 
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microanalysis, are given. Experimental work to 
determine the exact limits of solid solubility and its 
temperature dependence, and also the fields of solid 
solubility in both ternary systems, is currently in 
progress and will be reported later. 

Two binary compounds, LaA10 3 and 11A1 2 0 3 / 
La 2 0 3 (La 2 0 3 stabilized £-Al 2 0 3 ), exist in the 
Al 2 0 3 _La 2 0 3 system [14]. The binary compound 
LaFe0 3 exists in the La : 0 3 -Fe 2 0 3 system [15], 
while the AlFe0 3 compound in the Al 2 0 3 -Fe 2 0 3 
system is stable only at temperatures over 1300 °C, 
and decomposes into haematite solid solution and 
corundum solid solution at lower temperatures [16]. 
In the Mn 2 0 3 -Al 2 0 3 system spinel solid solution 
forms above 1000 °C [17]. 

For experimental work, La(OH) 3 (Ventron, 
99.9%), SrC0 3 (Ventron, 99.9%), Mn0 2 (Ventron, 
99.9%), Fe 2 0 3 (Alfa, 99.9%) and A1 2 0 3 (Alcoa, 
A-16, +99%) were used. The samples were mixed in 
ethyl alcohol, pressed into pellets and fired with 
intermediate grinding. During firing, pellets were 
placed on platinum foils. The compositions of the 
relevant samples are shown in Figs 3 and 4. The 
results were evaluated by X-ray powder analysis, 
scanning microscopy and EDS . 

The ternary phase diagrams (subsolidus) are 
shown in Figs 3 and 4. The extent of solid solubility 
(at 1200 °C) is marked on the binary diagrams, but 
regions of solid solutions in the ternary diagrams are 
not shown. The phase diagram of the La 2 0 3 - 
Al 2 0 3 -Mn 2 0 3 system is presented in Fig. 3. Tie 
lines exist between LaMn0 3 -La A10 3 and LaA10 3 - 
Mn 2 0 3 . The solid solution can be described by the 
formulas LaMn 1 ^ z Al JC 0 3 (0 ^ x ^ 0.35) on the 
LaMn0 3 side, and LaMn ; ,Al 1 _ > 0 3 (0^y=s0.10) 
on the LaA10 3 side. 

The phase diagram of the La 2 0 3 -Al 2 0 3 -Fe 2 0 3 
system is presented in Fig. 4. The rate of formation 
of LaAl u 0 18 (j8-Al 2 0 3 ) from A1 2 0 3 and La 2 0 3 is 
extremely slow at temperatures below 1500 °C, and 
several months are needed for the synthesis [18]. 
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Figure ! Schematic of the electrochemical reactions on the SOFC 
cathode, (a) If the material is an electronic conductor, the 
reacnons can occur only at the TPB. (b) If the cathode material 
possesses mixed type conductivity the reduction of oxygen can 
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Figure 3 The phase diagram (subsolidus) of the La.Oj-AUOj- 
Mn,0 3 system. Tie lines exist between LaMn0 3 -LaAl0/and 
LaAl0 3 -Mn : 0). The regions of solid solutions in the ternary 
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Figure 4 The phase diagram (subsolidus) of the La 2 0 3 -Al 2 0 3 - 
Fe : 0 ? system. Tie lines exist between LaFe0 3 -LaA10 3 and 
LaFe0 3 -Al : 0 3 . The regions of solid solutions in the ternary 
diagram are not shown. 



Therefore, it is not shown in the diagram. Tie lines 
exist between ' LaFe0 3 -LaA10 3 and LaFe0 3 - 
A1 2 0 3 . The solid solution can be described by the 
formulas LaFe 1 _ JC Al ;r 0 3 (0 ^ x ^ 0.40) on the 
LaFe0 3 side and LaFe^Al^O-j (0^ y ^0.15) on 
the LaA10 3 side. 

The results indicate that the degree of solid 
solubility is, at least to some extent, larger between 
LaAI0 3 -LaFe0 3 than between La A10 3 -LaMn0 3 . 
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